Spx is a global regulator that is widespread among the low G+C Gram-positive bacteria. Spx has been 18 extensively studied in Bacillus subtilis, where it acts as an activator and a repressor of transcription 19 in response to disulfide stress. Under non-stress conditions, Spx is rapidly degraded by the ClpXP 20
87
In B. subtilis, the efficient degradation of Spx by ClpXP under non-stress conditions requires the Spx 88 adaptor protein YjbH (21). In S. aureus, a gene encoding a protein that exhibits some similarity (~30% 89 identity) to B. subtilis YjbH (hypothetical protein SAOUHSC_00938) is present, hereafter referred to 90 as S. aureus YjbH (Fig. 1) . In B. subtilis, yjbH is located in an operon together with the yjbI gene, 91 
Materials and methods 110 111
Bacterial strains, plasmids and growth conditions. 112
The B. subtilis and S. aureus strains used in this study are listed in Table 1 . The plasmids used in this 113 work are listed in Table 2 . Escherichia coli strain TOP10 was used for construction and maintenance 114 of plasmids and was grown in LB or on LA (36). S. aureus strains were grown in tryptic soy broth 115 (TSB) or on tryptic soy agar (TSA). B. subtilis strains were grown on tryptose blood agar base (TBAB) 116 or in nutrient sporulation medium with phosphate supplemented with 0.5% glucose (NSMPG) (40) . 117
All bacterial cultures were grown at 37°C with shaking at 200 rpm. The following antibiotics were 118 added to the growth media when required: kanamycin (50 μg ml -1 ), ampicillin (100 μg ml -1 ), 119 spectinomycin (150 μg ml -1 ) and erythromycin (100 μg ml -1 ) for E. coli strains. Spectinomycin (150 μg 120 ml -1 ), erythromycin (5 μg ml -1 ), chloramphenicol (20 μg ml -1 ) and tetracycline (4 μg ml -1 ) for S. aureus 121 strains. Spectinomycin (150 μg ml -1 ), chloramphenicol (15 μg ml -1 ), tetracycline (20 μg ml -1 ) and a 122 mixture of erythromycin (0.5 μg ml -1 ) and lincomycin (12.5 μg ml -1 ) for B. subtilis strains. 5-bromo-4-123 chloro-3-indolyl-β-D-galactopyranoside (X-gal) was added to solid media (50 μg ml -1 ) as an indicator 124 of β-galactosidase activity. When appropriate, isopropyl-β-D-thiogalactoside (IPTG) was added to a 125 7 DNA manipulations and transformations. 136
All molecular biology techniques, including E. coli transformations, were performed as described by 137
Sambrook and Russell (36). Preparation of B. subtilis chromosomal DNA and B. subtilis 138 transformations with plasmid or chromosomal DNA was performed as described by Hoch (16) . All 139 oligonucleotides used in this work are described in 
Construction of B. subtilis strains 175
Strain LUW428 was generated by transformation of LUW297 (spxΩery) with pCW101_spx SA and 176 selection of transformants with chloramphenicol. The successful integration of the S. aureus spx 177 gene into the amyE locus of the transformants was confirmed by the lack of halo formation upon 178 growth on plates containing 1 % starch with subsequent exposure of the plates to iodine. 179 Strain LUW421 was generated by transforming the wild-type strain 1A1 first with 180 pCW101_yjbH BS , and by subsequent transformation of the resulting strain with chromosomal DNA of 181 strain LUW272 (ΔyjbH::spc). Confirmation of an AmyE-negative phenotype was done as described 182 above. It should be noted that the deletion of yjbH severely affects competence development (21). 183 Therefore, the introduction of the yjbH mutation was the final step in the strain constructions. The yjbIH region was amplified by PCR from S. aureus 8325-4 chromosomal DNA using primers SA2 205 and SA3 (Table 3) and BamHI, and the 3117 bp fragment containing the S. aureus yjbIH region where the yjbH gene is 214 partially replaced by the spectinomycin resistance gene was ligated into pMAD, which contains a 215 temperature-sensitive S. aureus origin of replication, cut with SalI and BamHI (see Fig. S2 in the 216 supplemental material). The ligate was used to transform E. coli, selecting for ampicillin resistance. 217
The resulting plasmid was named pMAD_yjbIH SA spc, and was used to transform the restriction 218 deficient S. aureus strain RN4220 grown at 30˚C to erythromycin resistance, selecting for blue 219 colonies on plates containing X-gal. The plasmid was then extracted and used to transform S. aureus 220 NCTC 8325-4 grown at 30˚C to erythromycin resistance, again selecting for blue colonies on plates 221 containing X-gal. Transformants were grown in TSB supplemented with erythromycin at 30˚C for two 222 hours, after which they were harvested and resuspended in TSB without antibiotics. This culture was 223 grown at 42˚C for six hours in order to allow for a double crossover recombination event in the 224 chromosomal yjbH locus. Cells were plated on TSA supplemented with spectinomycin and X-gal and 225 grown at 42˚C, selecting for white colonies. The double crossover recombination event was 226 confirmed by PCR using primer pairs SPC10/SAYJBH1 and SAYJBH2/SPC2 (see Fig. S3 in the 227 supplemental material). The yjbH mutant strain in strain 8325-4 background, denoted LUSA1, did not 228 show any apparent phenotype separating it from the wild type. One possible reason for this might 229 be that strain 8325-4 lacks a functional copy of rsbU which impairs signaling by the alternative sigma 230 factor SigB, that is involved in the general stress response (11). Because of this the mutation was 231 moved to S. aureus strain Newman by transduction as described by McNamara and Iandolo (25). The 232 presence of the yjbH::spc mutation in strain Newman was confirmed by PCR as described for strain 233
8325-4 above. 234
The ΔyjbH mutation was complemented with a chromosomally integrated copy of yjbH expressed 237 from its own promoter (P yjbIH ) using the single-copy integration plasmid pCL25 (24). The yjbH gene 238 was excised from pUC18_yjbIH SA and cloned into pCL25 using HindIII and XbaI. The cloned fragment 239 in the resulting plasmid was sequenced to confirm that the sequence was correct. The plasmid was 240 transformed into RN4220 containing the pYL11219 plasmid encoding the integrase from the phage 241
L54a that catalyzes site-specific integration of the plasmid (pCL25_yjbIH) into the attB site located 242 within the geh gene (22). The integrated copy of pCL25_yjbIH was then transduced into the Newman 243 strain using the lysogenic phage φ11. The ΔyjbH mutation in strain LUSA1 was then transduced into 244 the strain containing the integrated copy of pCL25_yjbIH. PCR, using the primers SCV1 and SCV8, was 245 used to confirm that the strain contained both the yjbH deletion and the intact copy of yjbH inserted 246 into the geh gene. The strain was named LUSA8. A control strain with pCL25 instead of pCL25_yjbIH, 247 was created in the same way and denoted LUSA7. 248
249

Immunoblot analysis 250
Soluble extracts were prepared by harvesting 25 ml of a culture of exponentially growing S. aureus 251 or B. subtilis cells and dissolving the pellet in 100 mM Tris-HCl, 5 mM Na-EDTA, pH 8.0, 252 supplemented with one tablet of Complete EDTA-free Protease Inhibitor (Roche). To lyse S. aureus 253 cells, lysostaphin was added to a final concentration of 25 μg ml -1 , followed by incubation at 37˚C for 254 30 minutes, while B. subtilis cells were lysed by sonication. To remove cell debris, the lysates were 255 centrifuged at 20 000 x g for 45 minutes at 4˚C. The protein concentration was determined using the 256 bicinchoninic acid method (Thermo Scientific) with bovine serum albumin as the standard. 20 μg of 257 the extracts were then separated by Laemmli sodium dodecyl sulfate-polyacrylamide gel 258 electrophoresis (18%) and transferred to Hybond P membranes (GE Healthcare). Spx, YjbH BS and 259 YjbH SA were detected using an antiserum from a rabbit that had been immunized with a synthetic 260 peptide ((NHCOCH 3 )CGYNEDEIRRFLPRKVR(CONH 2 )), ((NHCOCH 3 )MLGDEPKPSETPPLC(CONH 2 )) or 261 ((NHCOCH 3 )CGDFWKSKMPKIKSK(CONH 2 )) respectively, conjugated at terminal cysteines to Keyholelimpet hemocyanin (KLH). The used peptides corresponded to sequence Gly-104 to Arg-119 of Spx, 263
Met-221 to Leu-234 of YjbH BS and Gly-248 to Lys-261 of YjbH SA . Spx antisera were used at a 1250-fold 264 dilution and the YjbH BS and YjbH SA antisera were used at a 5000-fold dilution. The secondary 265 antibodies (ECL Anti-rabbit IgG, Horseradish Peroxidase-Linked Species-Specific Whole Antibody 266 from donkey (GE Health care)) were used at a 5000-fold dilution. Immunodetection was carried out 267 by chemiluminescence using the Super Signal West Pico system (Thermo Scientific). Quantification 268 was done using a Kodak image station 440CF. 269
270
RNA isolation and cDNA synthesis 271
For isolation of total RNA, 10 ml of an exponentially growing S. aureus culture was added to a 50 ml 272 centrifuge tube containing 10 g of crushed ice. The sample was centrifuged immediately at 17000 g 273 for 5 min at 4°C, and the pellet was used for extraction of total RNA using the Qiagen RNeasy® Mini 274 Kit according to the manufacturer's protocol. The integrity of the RNA was checked by 275 electrophoresis on a 2% agarose gel containing ethidium bromide, and the RNA was quantified 276 spectrophotometrically. 2 µg RNA was treated with RNase-free DNaseI (Fermentas) and was then 277 
Results and Discussion 295
Influence of diamide on cell growth and Spx concentration 296
The azo compound diamide is a thiol-specific oxidant used to induce disulfide stress. In B. subtilis, 297 the addition of 1 mM diamide to exponentially growing cells leads to a rapid increase in the 298 intracellular level of Spx (Fig. 2a) 
304
In S. aureus, the basal level of Spx under non-stress conditions appears to be higher than that of B. 305 subtilis. Using the same antibodies, raised against an Spx peptide, and comparable growth 306 conditions, very low Spx specific signal can be detected in cell extracts from non-stressed B. subtilis 307 cells (Fig. 2a) , while a clear band corresponding to Spx can be seen in immunoblots with cell extracts 308 from non-stressed S. aureus cells (Fig. 2b ) . 309
310
The Spx content in extracts from cultures of S. aureus to which different concentrations of diamide 311 had been added was analyzed. Concentrations up to 2 mM of diamide could be added without any 312 detected increase in the Spx level. However increasing the added diamide concentration to 5 mM or 313 above gave a significant increase in Spx concentration (Fig. 2b) . Interestingly, previous studies have 314
shown that the expression of the trxB gene is induced by as little as 0.5 mM diamide in S. aureus 315 NCTC 8325-4 cells grown in the same growth medium as the one used in the present study (34) . This 316 induction of trxB is not seen in an spx mutant (34) . This suggests that no increase above the basal 317 concentration of Spx observed in non-stressed cells is required to induce trxB expression. It seems 318 that the concentration of diamide where the level of Spx increases corresponds to the concentration 319 where growth defects are seen suggesting that this is a response to severe stress.
Heterologous complementation of a B. subtilis yjbH null mutation 321
To test whether S. aureus yjbH could complement the B. subtilis yjbH deletion, we constructed a 322 strain with an IPTG-inducible S. aureus yjbH gene integrated in single copy at the amyE locus on the 323 chromosome of a B. subtilis yjbH null mutant. Immunoblot analysis confirmed that the product of 324 the exogenous yjbH gene was produced in an IPTG dependent manner (see Fig. S7 in the 325 supplemental material). B. subtilis yjbH mutant strains grow poorly and accumulate high levels of 326
Spx compared with the wild-type strain (21). Expression of S. aureus yjbH alleviated the growth 327
phenotype present in the mutant strain (data not shown) suggesting functional complementation by 328 S. aureus yjbH. Moreover, the complementation with S. aureus yjbH restored the Spx level to wild-329 type levels as determined by immunoblotting (Fig. 3) . The concentration of Spx was inversely 330 dependent on the concentration of YjbH, which was shown by varying the amount of the inducer 331 IPTG (see Fig. S4 in the supplemental material) . 332
333
The strain complemented with S. aureus yjbH responded to the addition of 1 mM diamide by 334 increasing the level of Spx in the same fashion as the strain complemented with B. subtilis yjbH and 335
wild-type cells (data not shown). This shows that the ability of YjbH SA to facilitate the proteolysis of 336
Spx is inhibited by diamide. 337 338
To further establish the functional conservation of the Spx/YjbH system a complementation of the B.
S. aureus counterparts was created (LUW442). This strain exhibited the same diamide induced 347
pattern of Spx regulation as the other complemented strains and showed similar resistance to 348 diamide (Fig. 4 and 5 ). In conclusion, the experiments in this section show that despite the low 349 sequence conservation between the B. subtilis and S. aureus YjbH proteins they are similar in all 350 functional aspects tested. 351
352
Role of cysteine residues in YjbH 353
Cysteines have the ability to be reversibly oxidized and covalently modified, and are often 354 involved in redox sensing. B. subtilis YjbH contains an N-terminal CXXC motif (two cysteines 355 separated by two other residues) at residues 31-34 and five additional cysteines (Fig. 1) . In 356 thioredoxins and related proteins the CXXC motif is directly involved in redox reactions suggesting 357 that this motif could have a similar role in YjbH. However, in S. aureus YjbH the cysteine 358 corresponding to C31 is replaced by a serine. Moreover, it has been suggested that YjbH binds zink 359 via a His-Cys-rich domain and that redox induced inactivation of Zn-binding leads to Zn 2+ release and 360 liberation of Spx from YjbH (9). In order to investigate the role of the cysteine residues in YjbH BS a 361 mutant where all seven cysteine residues (C13, C31, C34, C89, C175, C236, C297) were exchanged 362 for serines was constructed. Similarly, a mutant of YjbH SA where all four cysteines (C37, C71, C121, 363 C123) were exchanged for serines was also constructed. These cysteine-free YjbH variants were used 364 to complement the B. subtilis yjbH null mutant in the same way as described in the previous section. 365
Immunoblot analysis showed that both of the cysteine-free YjbH variants were produced at similar 366 levels as the wild type protein and that they were able to facilitate the efficient proteolysis of Spx 367 (data not shown and Fig. 6 ). It is concluded that the cysteine residues are dispensable for the 368 function of the protein and that the activity of the adaptor is not activated or deactivated via redox 369 active cysteines. When our investigation was completed Göhring et al. (12) reported a study on the 370 role of the cysteine residues in S. aureus YjbH using a complementary approach. The cysteine 371 residues were replaced with glycine residues and plasmid encoded cysteine replacement mutants of 
YjbH. 378 379
Pleiotropic properties of an S. aureus yjbH mutant 380
To investigate the possible role of YjbH in the regulation of Spx in S. aureus, an allelic replacement 381 was used to exchange yjbH with a spectinomycin-resistance cassette (for details see the Materials 382 and Methods section). We compared the growth of the yjbH deletion strain with that of the wild 383 type (Newman) and found that the mutation caused a decreased growth rate in rich media. This is 384 similar to a B. subtilis yjbH mutant, which displays growth defects both on plates and in broth 385 medium (21). Loss of YjbH also resulted in decreased carotenoid pigment production by S. aureus 386 (Fig. 7) . The pigment protects S. aureus against oxidative stress due to its ability to absorb excess 387 Fig. S5 in the supplemental material) . In B. subtilis the disruption of yjbH results in an increased 399 resistance to diamide due to increased levels of thioredoxin (21). In contrast to this the S. aureus 400 ∆yjbH mutant showed decreased resistance to diamide as compared to the wild-type and the 401 complemented strain (see Fig. S6 in the supplemental material) . 402
403
YjbH influences the level of Spx in S. aureus 404
In B. subtilis, a yjbH null mutation leads to the accumulation of Spx (21), which in turn is responsible 405 for the observed pleiotropic phenotype. To investigate if YjbH is required for efficient proteolytic 406 degradation of Spx also in S. aureus, the amount of Spx in the wild-type and the yjbH mutant strain 407 was analyzed by immunoblotting. A band corresponding to the expected size of Spx was detected at 408 elevated levels in the yjbH mutant strain (Fig. 8) . In both the complemented strains the level of Spx 409 returned to a low level similar to that of the wild-type strain. For the pRMC2_yjbH construct the 410 complementation was seen without adding the inducer (Atet) for YjbH SA production. This implies 411 that residual expression yielding very small quantities of YjbH SA are enough to control the level of 412
Spx. Higher amounts of YjbH SA was achieved by adding increasing concentrations of the inducer (see 413 
Transcriptional analysis 419
To determine whether the effect on Spx seen at the protein level was due to regulation at the 420 transcriptional or the post-transcriptional level, qRT-PCR was used to quantify the amount of spx 421 mRNA (Fig. 9a) . No significant difference in the expression of spx before or after the addition of 5 422 mM diamide was found, nor was any significant difference seen between the expression of spx in 423 on January 12, 2018 by guest http://jb.asm.org/ Downloaded from the wild type and the yjbH mutant. This suggests that the increased level of Spx is due to changes at 424 the post-transcriptional level that lead to a decreased degradation of Spx. 425
426
Previous studies identified trxB expression in S. aureus as an important target of Spx regulation (34) . 427
As expected the expression of trxB was increased after the addition of diamide in the wild-type 428 strain (Fig. 9b) . The yjbH mutant showed a significantly higher expression of trxB in the unstressed 429 cells but also an increase after the addition of diamide, indicating that not only the amount of Spx 430 but also the oxidation state of the cell effect trxB expression. 431
432
In B. subtilis YjbH has a negative effect on its own expression (21), which is likely mediated through 433
Spx. This ensures that there will be YjbH present in the cell to mediate the breakdown of Spx once 434 the stress is gone. The expression of the S. aureus yjbIH operon was investigated. In the wild-type 435 the addition of diamide leads to an induction of the expression of both yjbI and yjbH. In the yjbH 436 mutant only the level of yjbI could be measured and was assumed to be representative of yjbH. In 437 the mutant, the level of yjbI was elevated compared to the unstressed wild type both before and 438 after the addition of diamide (Fig. 9c) 
